• RESULTS: There were no significant differences in VA, IOP, and SE among the conventional and Hole ICL groups.
INTRODUCTION
T he implantable collamer lens (ICL; STAAR Surgical, Nidau, Switzerland), used as a posterior chamber phakic intraocular lens (pIOL), is made from collamer, a biocompatible hydrophilic copolymer of collagen and hydroxyethyl methacrylate with an ultraviolet light-filtering chromophore. It is effective and safe for the correction of myopia [1] [2] [3] , hyperopia [4] [5] , and astigmatism [6] [7] . However, some reported postoperative complications include increased intraocular pressure (IOP) [8] , pupillary block [9] , glaucoma [8] [9] [10] , and anterior subcapsular cataract. Accordingly, ICL models have been modified to prevent these complications. The recently developed KS AquaPORT® (Visian ICL with Centra FLOW® technology, V4c; STAAR surgical company, Monrovia, CA, USA) model is designed with a central hole measuring 0.36 mm (KS-Aquaport) to facilitate more natural flow of the aqueous humor and decrease the risk of secondary cataract formation. It provides good IOP outcomes without the requirement for additional peripheral iridotomy or iridectomy [11] . A previous study demonstrated that the V4c ICL (hereafter referred to as Hole ICL) model for the correction of moderate to high myopia performed well in all measures of safety, efficacy, predictability, and stability, suggesting the viability of this model as an effective surgical option [12] . However, the presence of the central hole in Hole ICL can affect the postoperative optical quality. For instance, it can result in the introduction of a glare or a halo. In a previous study, Shimizu et al [13] evaluated the visual performance of patients after Hole ICL implantation and found that this lens was similar to conventional ICL with regard to the induction of higher order aberrations (HOAs) and contrast sensitivity (CS). Uozato et al [14] measured the modulation transfer function (MTF) of conventional ICL and Hole ICL at various powers and pupil diameters and reported small and clinically negligible differences between the two models. Meanwhile, the influence of the position of the central hole on HOAs and the visual quality of patients is another concern. In some previous studies, it was demonstrated that decentering of Hole ICL did not affect the visual quality [15] [16] . However, these studies were experimental laboratory studies, with small sample sizes. Therefore, clinically meaningful studies with statistical evaluations are desirable to clarify these findings.
From the above perspectives, we conducted the present study to evaluate the clinical outcomes of Hole ICL implantation with regard to the optical quality assessed according to the degree of decentering in a large patient population. Postoperative Evaluations All patients were followed-up for 3mo. Patients underwent slit lamp biomicroscopy and measurement of UDVA, CDVA, manifest refraction, and IOP at 1wk, 1 and 3mo postoperatively. Implantable Collamer Lens Decentering Decentering was measured using slit lamp examinations at 3mo after surgery. Digital slit lamp photographs were obtained without mydriatic agents to allow identification of the pupil center under low lighting condition. Using image editing software (Adobe Photoshop 7.0 software), we classified the eyes into three groups as follows: group 1, central hole within 1 hole diameter (HD) from the pupil center; group 2, central hole within 1 HD to 2 HD; and group 3, central hole within 2 HD to 3 HD ( Figure 1 ).
SUBJECTS AND METHODS Design and Participants

Optical Quality Parameters
The optical quality was analyzed using the Optical Quality Analysis System (Visiometrics SL, Tarrasa, Spain) at 3mo after surgery. Through an analysis of the double-pass image, the system estimates the ocular MTF and the corresponding Strehl ratio. It also assesses the objective scatter index (OSI) as a measure of the amount of light scattered during passage through the ocular structures. We calculated OSI, MTF cutoff frequency (cpd), and Strehl ratio values for 4-mm pupils.
Higher Order Aberrations The KR-1W viewer was used to analyze and measure wavefront aberrations at 3mo after surgery. The KR-1W viewer provided a measured value for spherical aberrations in 4-mm and 6-mm optical zones. We obtained the root mean square values of the total HOAs, trefoil, coma, and spherical aberrations for 4-mm pupils. Statistical Analysis All statistical analyses were performed using SPSS statistical package version 18.0 (SPSS Inc., Chicago, Illinois, USA). One-way analysis of variance (ANOVA) was used to detect differences between the conventional ICL and Hole ICL groups divided according to the degree of decentering. A P-value of <0.05 was considered statistically significant.
RESULTS
In total, the data for 143 eyes of 85 patients (mean age at the time of surgery, 26.2±6.6y; range, 18 to 45y), including 49 and 94 eyes that received V4 and Hole ICL, respectively, were evaluated in this study. There were no significant differences in the conventional ICL and groups 1, 2, and 3 with regard to age and the anterior chamber depth, corneal white-to-white distance, spherical equivalent (SE), and IOP before surgery ( 
Postoperative Visual Acuity and Spherical Equivalent Values
The mean UCVA at 3mo after surgery was -0.05±0.08 logMAR, -0.01±0.06 logMAR, -0.04±0.07 logMAR, and -0.03±0.08 logMAR in the conventional ICL groups and groups 1, 2, and 3, respectively. There were no statistically significant differences among groups throughout the postoperative period (P>0.05; Table 2 ). SE at 3mo after surgery was 0.31±0.29 D, 0.21±0.27 D, 0.32±0.19 D, and 0.38±0.29 D in the conventional ICL group and groups 1, 2, and 3 respectively, with no significant differences among groups (P>0.05; Table 3 ). Figure 2 shows the changes in IOP values over time. There were no significant differences in IOP values among the different groups throughout the follow-up period (Table 4) . Moreover, a significant increase in IOP (over 20 mm Hg) was not recorded for any case during the follow-up period. Postoperative Optical Quality Parameters There were no significant differences among the different groups with regard to OSI, MTF cutoff, and Strehl ratio values (P>0.05) at 3mo after surgery (Table 5) . Postoperative Higher Order Aberration Values There were no significant differences among groups with regard to coma and spherical aberration values. However, the total HOA (0.179±0.103 µm vs 0.131±0.054 µm; P=0.02) and trefoil values (0.128±0.102 µm vs 0.083±0.045 µm; P=0.03) were significantly higher in group 2 than in group 1 (Table 6) .
Postoperative Intraocular Pressure Values
DISCUSSION
In the present study, we assessed the optical quality provided by Hole ICL according to the degree of decentering and compared the findings with those for conventional ICL. Hole ICL is widely used because of its advantages over conventional ICL; however, visual disturbances such as a halo or a glare remain a cause for concern. Furthermore, the position of the central hole after implantation is not always in the center, and the influence of this decentering remains another cause for concern. Several previous studies have revealed that the outcomes achieved with Hole ICL implantation are equivalent to those achieved with conventional ICL implantation. Shimizu et al [12] reported that the uncorrected visual acuity was -0.20±0.12 logMAR at 6mo after Hole ICL implantation, with 100% eyes presenting values within ±1.00 D of the targeted correction. Moreover, they did not record an increase in IOP for any case. In a more recent study, they reported the 5-year outcomes of Hole ICL implantation [17] . The uncorrected visual acuity was -0.17± 0.14 logMAR, and 96% eyes presented values within ±1.00 D of the targeted correction. The manifest refraction value changed by -0.17±0.41 D between 1mo and 5y. In the present study, satisfactory visual acuity (VA) was achieved for all cases; the UDVA values were under +0.1 logMAR at 3mo after surgery, with a safety index of 1.08±0.15. Moreover, all eyes showed SE values within ±1.00 D, with no significant increase in IOP.
With regard to the postoperative UDVA, IOP, and SE values, there were no significant differences between the conventional ICL and Hole ICL groups, as well as among the three Hole ICL groups stratified according to the degree of decentering. These findings were similar to those obtained in a previous study conducted by Perez-Vives et al [16] , where VA values achieved with conventional ICL and Hole ICL at different degrees of decentering showed no significant differences for all ICL powers (-3 D, -6 D, -12 D) and pupil diameters (3 mm and 4.5 mm). Several studies have compared the optical quality achieved with Hole ICL and conventional ICL. In an experimental laboratory study by Perez-Vives et al [15] , no statistically significant differences were observed in any Zernike coefficients between the conventional and Hole ICL groups. Kamiya et al [18] showed that there were no significant differences in optical quality parameters between Hole ICL and conventional ICL groups, implying that the optical quality, including intraocular scattering, in eyes with Hole ICL implantation was essentially equivalent to that in eyes with conventional ICL implantation. Other studies demonstrated that Hole ICL implantation was almost equivalent to conventional ICL implantation with regard to the induction of HOAs, CS, and subjective symptoms such as a glare or a halo, and that the optical quality and intraocular scattering in eyes with ICL implantation were essentially equivalent to those in healthy eyes [13, 19] . In the present study, optical quality parameters, specifically the MTF cutoff frequency, Strehl ratio, and OSI were not significantly different between the conventional ICL and Hole ICL groups and among the Hole ICL groups classified according to the degree of decentering. With regard to HOAs, coma and spherical aberration values were not significantly different among groups in the present study. However, total HOA and trefoil values were significantly different between eyes where the central hole was within 1 HD from the pupil center (group 1) and eyes where the central hole was within 1 HD to 2 HD from the pupil center (Table 5 ). The precise mechanism by which HOAs affect the visual quality remains unclear. Rocha et al [20] measured the changes in VA induced by individual Zernike ocular aberrations (defocus, astigmatism, coma, trefoil, and spherical aberrations) of various root mean square magnitudes (0.1, 0.3, and 0.9 mm) for 5-mm pupils. Single Zernike aberrations applied with a coefficient of 0.1 μm, with the exception of spherical aberrations, resulted in small changes in VA that ranged between mean values of 0.03 and 0.05 logMAR. Therefore, differences in trefoil and total HOA values between conventional ICL and Hole ICL are not expected to clinically affect the visual quality of patients. Considering the lack of differences in visual parameters in the present study, we consider that the influence of HOA changes on the visual quality to be low. In other study, Perez-Vives et al [15] found statistically significant differences in coma values between conventional centered ICL and Hole ICL with two different degrees of decentering, although they found that an increase in coma aberrations showed a small influence on point spread functions (PSFs) and simulated retinal images. Thus, although HOA changes according to the degree of ICL decentering varied among studies, the effects of HOA changes on the actual visual quality are likely to be small. Further studies on this topic are necessary. There is no accurate method to measure of line of sight yet.
There have been attempts to measure the line of sight using the pupil center and the lens center. But the pupil center and the lens center are not always line of sight. Therefore in this paper, to reduce the bias that may occur by considering the pupil center as the line of sight, all of patients underwent KR-1W and Pentacam. Then, patients with a shift in the pupil center that was greater than 0.2 mm were excluded. And all patients underwent digital slit lamp photographs under the same low lighting condition. This paper has limitations. We do not have preoperative data of the HOAs. Because of that, we can not prove exactly about why a decentered ICL does not induce coma-like aberration. And OQAS device and OSI index are good parameters to define the optical quality, but not gold standard parameters.
In conclusion, the results of our study suggest that Hole ICL implantation provides satisfactory optical quality that is equivalent to that provided by conventional ICL implantation, regardless of the presence of the central hole and the degree of decentering. Hence, surgeons can select Hole ICL implantation without concerns regarding the effects of decentering.
